Introduction
Recent work with optical fibres has explored the use of cleaved fibre endfaces as substrates for fabrication. Applications include micro-cavity pressure sensors [1] , [2] , plasmonic devices [3] - [5] , atomic force microscope probes [6] , self-assembled nanostructures [7] - [9] , and diffractive [10] , [11] , focusing [12] , coupling [13] , [14] and wavelength selective elements [15] , [16] .
Given the small cross-sectional diameter of most optical fibres (typically 125 μm) there is an opportunity to achieve high throughput fabrication of fibre tip devices if they are employed with traditional large-area fabrication technologies, such as photolithography [17] , [18] , self-assembly [7] - [9] , interference lithography [10] , [11] , [15] , [16] or nanoimprint lithography [5] , [13] . An example of a polymer imprinted fibre tip which can be used as a surface enhanced Raman scattering (SERS) sensor is presented in figure 1 .
Preparing custom fibre arrays offers the advantages of control over fibre type and the implementation of novel fabrication strategies. Recent work by our group has demonstrated the feasibility of arrayed fibre-tip fabrication [20] by imprinting optical fibre arrays against large area moulds. The fibre arrays were created by manually loading up to 40 optical fibres into 40 groove arrays. This groove loading was a labour-intensive and time-consuming process, which severely limited device throughput. However, this custom array provided a self-alignment mechanism that could accommodate non-planar biological templates, and also made a modular imprinting platform possible.
Commercial fibre ribbons might seem an ideal solution to handling multiple optical fibres in parallel [19] , however they limit both the type and number of fibres available in the array, while also limiting their freedom to move independently.
The custom preparation of fibre arrays thus offers many opportunities while also presenting many challenges. Most notable is combining the precise handling of optical fibres with high loading throughput in a cost-effective manner.
In this paper, we present the automation of loading optical fibre segments into arrays, in a serial fashion, with minimal operator input, achieving significantly higher throughput than in our own previously demonstrated manual method in [20] . We propose and demonstrate a system for automatic fibre loading and segmenting, and explore both U-groove and V-groove channel geometries. In particular, we explore the integration of funnels, in both lateral and vertical directions at the entrance to the groove arrays, and quantify their impact on fibre array loading throughput. 
Apparatus
A process was developed for large-scale production of fibre tip devices. This process was divided into a number of production line stages. A key stage in this production line takes standard optical fibre from a reel, cuts it into short lengths and loads these lengths into vgrooves on specially design portable arrays [20] ready for subsequent processing including laser cleaving [21] , nanoimprinting [20] , and metal coating of fibre tips [5] (see sup. figure 1) .
The main functional parts and their workflow within the system are shown in figure 2(a). An array is sequentially loaded with fibre segments as follows. First, a pair of rolling drums (i) pulls fibre from a reel and pushes it through an alignment channel (ii). After passing the alignment channel, the fibre passes between two cutting blades (iii) and is loaded into a groove of the portable arrays (iv). When the groove has been completely loaded with fibre, the cutting blades are actuated pneumatically. Afterwards, a precision stage translates the micro-engineered array to the next groove in the array. This cycle is repeated until all grooves have been loaded with optical fibre segments. Once the array is fully loaded, it is removed from the system and replaced with an empty array ready to repeat the loading process.
The mechanism for feeding the optical fibre used two rubber-coated drums. These were powered by a stepper motor through a gearbox, achieving a programmable linear velocity of 4 to 25 mm/s. The alignment structure, between the feeding mechanism and the array, consisted of a rectangular profile channel of comparable dimensions to the fibre (250 μm × 250 μm and a total length of 2 cm). This ensured reasonable alignment and ease for the fibre to slide freely into the grooves. The fibre was cut using two pneumatically actuated blades arranged as shears. The translation of the chuck to displace positions within the array of grooves was achieved using a sub-micron precision linear stage. Software to monitor and control the entire system was implemented in LabView.
Several applications of optical fibre sensors in biomedicine and chemistry require disposable probes [22] . Therefore, a high yield of production of fibre segments is desired in order to reduce their commercialization cost. Consequently, the apparatus needs to be able to perform the fabrication sequence in a minimum time. Some events of the fabrication sequence in figure 2 can be optimized by adjusting components of the system. These include: the loading speed with the drums, the cutting behaviour (to ensure fast, reliable cutting with minimum debris), the rapid and accurate positioning of the channel and the structure of the channel itself. 
Optimization of the automation parameters
Feeding fibre rapidly and precisely into the grooves is a critical process in the production of fibre segments. The feeding drums can be programmed to achieve a high linear speed to reduce loading time (see sup. table 1). However, it was found that the fibre tip experiences a large vibration due to inertia when the speed is high, which generally leads the fibre to either fail to enter the groove or enter the wrong groove in the presence of misalignment. On the other hand, when the linear speed of the loading fibre is low, higher efficiency can be achieved at the cost of reduced throughput. For example, if a speed of 4 mm/s was employed, the system would take more than 4 hours to load 1000 fibre segments (assuming a segment length of 40 mm). This time can be reduced about three fold by considering the fact that the low feeding speed is only needed at the time the fibre enters the groove, and once the fibre is in the groove, it can be accelerated to a higher speed. A velocity profile according to this reasoning was conceived (see sup. figure 2) to reduce loading speed while minimizing the vibration of the fibre tip (and hence maximize successful loading of fibre). The correct functioning of the shears is vital to the throughput of the system. Particularly, the amount of debris left on the fibre after cutting must be minimized to avoid blockage of the loading fibre at the entrance of the groove. This type of failure leads to significant interruptions that can take several minutes to rectify. Two sharp blades were actuated on the top and bottom of the fibre in close proximity to the exit of the alignment channel. This method resulted in a fast (less than 2 s) and effective cut that presented insignificant debris (shown in sup. figure 3) . Precise cleavage of the fibre is not required at this stage, as this process can be performed further along the production line using laser processing [21] .
Typical displacements of the fibre array in the order of fractions of millimetre can be performed in negligible time even at moderate velocities. An advanced commercial controller (XPS-Newport) controlled actuation of the precision linear stage that translates the fibre array. The maximum velocity of the stage was set to 50 mm/s, which achieved displacement of positions within the fibre array within less than 10 ms.
In summary, loading of fibre into a groove takes much more time than cutting it and displacing the array. In particular, misalignment is the most significant cause of failure in the process. These critical failures can be improved by slowing the feeding drums, (which would increase processing time) or alternatively, by making the grooves easier to load. In a production line environment, the loaded groove array would need to be rapidly removed from the system and replaced with an empty groove array within seconds without requiring precise micron scale alignment of the grooves to the fibre alignment channel. Thus, robustness of the fibre channels to misalignment of the array and alignment channel is also a significant parameter in assessing the performance of this system. 
Design and realization of optimized fibre arrays
The main challenge of this fibre segment production approach was to reliably thread fibre into the microscale grooves of the chuck. Between the alignment channel and the array grooves, the fibre traversed a free-space gap, which was present to accommodate the cutting blades. This gap is illustrated in figure 3 and designated by 'd'. While crossing this gap, the fibres were subjected to several forces, which could result in misalignment between the fibre and the chuck grooves. The forces included electrostatic forces between fibres, vibrations by pneumatic actuation of the cutter, inertial force on tip of fibre when experiencing acceleration by the feeding drums, deflection of fibre by gravity, and curvature induced by the polymer jacket of the fibre. Additionally, every time a full array was replaced with an empty one, its new position could be slightly differently than the previous one. These misalignments could cause malfunctions of the system and require interruption for re-alignment and restart of the process, lowering throughput dramatically.
Considering the difficulties mentioned in the previous section, we observed the need to design microstructures that help guiding the fibre into the grooves and allow this fibre-array loading technique to be consistent.
Three structures that could address this misalignment problem were designed, fabricated and tested. The first had a simple rectangular profile at the entrance of the micro-channel, the second one had a taper in the horizontal plane and the third one had a taper in both, vertical and horizontal planes. We predicted that the integration of funnels to the entrance of the grooves would increase the accuracy of loading, which could in turn be traded for increased processing speed.
Rectangular profile
In order to house the fibre segments, an array with a simple micro-engineered structure was fabricated by micro-milling rectangular grooves of 250 μm on aluminium, as shown in figure 4(a) . The tool utilized for the milling was a CNC micro-mill (CPM 3020 isel) with a 200 μm diameter milling bit. To avoid tool breakage and achieve low roughness, a translation speed of 0.05 mm/s and a depth per pass of 10 μm were used.
The fabricated structures are shown in figure 4(b) . Although the fabrication process is relatively straightforward, it is very time consuming as each groove is machined sequentially. Additionally, repeatability of the characteristics of the groove arrays can be an issue since the machining tool changes its properties over time due to wear.
Horizontal taper
The next structure was similar to the straight array; however, horizontal funnels were machined at the groove entrance to provide the system with tolerance to fibre misalignments in the horizontal plane. A diagram of the array is shown in figure 4(c) .
Fabrication of horizontal tapers was achieved by adding a triangular shape at the milling profile of the end of the grooves, which resulted in a funnel-like structure at the entrance of each groove of the array. The fabricated array is shown in figure 4(d) .
Horizontal and vertical taper
The final structure aimed to provide both vertical and horizontal guidance for a misaligned fibre by placing three-dimensional funnels at the groove entrance. A diagram of this structure is shown in figure 4 (e). This structure was realized by harnessing microfabrication techniques on silicon [23] . The microstructures were realized on (100) silicon substrates coated with 500 nm of silicon nitride on both sides. Fibre arrays with patterns to enable formation of funnels were realized on one substrate surface by photolithographic patterning, which was transferred on to the silicon nitride surface by reactive ion etching in carbon tetrafluoride (CF4).
Exposed silicon regions were etched in a 30% v/v potassium hydroxide (KOH) solution at 70 ºC [24] . The etching duration was controlled to result in a self-limiting etch at the (111) silicon planes, to realize the V-groove arrays and the half-funnel structures. This process allowed the creation of samples with varying V-groove depths and separations.
The fabricated V-grooves with half-funnel structures were imaged using scanning electron microscopy (SEM, Philips XL30). This process allowed the determination of funnel tapers and V-groove spacing, which produced best results, to optimize funnel angle and Vgroove depth. Figure 5(a) shows the SEM micrograph of such substrate, highlighting etched V-grooves defined by the self-limiting process and half-funnel structures. Two such fabricated structures were bonded together as identical halves as shown in figure 5(b) . These structures were used for optical fibre loading and parallel imprinting.
Some roughness was observed at the walls of the funnel structure due to the fact that this rapid prototype was developed using a low-resolution mask (which has artefacts arising from pixilation); this can be readily improved using a high-resolution mask. Additionally, bulk production of these silicon arrays can be achieved, as one 3-inch wafer accommodates a number of these arrays based on groove density. 
Performance of the structures
A test was designed to quantitatively measure the efficiency of fibre loading into each of the fabricated microstructures. The objective here was to be able to load the fibres as quickly as possible and also to ensure that the fibre loading efficiency was robust under misalignment of the array with respect to the fibre alignment channel. The successful loading of the fibre may depend on the velocity of the drum actuation [(i) in figure 2(a) ], which may excite vibrations;
and also the tolerance to misalignment that still leads to accurate loading of the fibre. In this section, we wish to test whether the funnels introduced in Section IV significantly improve the accuracy of fibre loading. To do this, we keep the distance between the alignment channel and the fibre array constant, d of 10 mm (figure 3), which is the minimum achievable distance in our system due to the space occupied by the jaws of the shears [(iii) in figure 2 ]. Then, we tested different grades of misalignment in a controlled fashion, measuring the achieved efficiency of the three microstructures for different fibre loading speeds. A statistical measure of efficiency of the structures was obtained, by counting the number of successfully operations of fibres loaded into a groove, for a given misalignment between the optical fibre and the centre of the groove, 'x'. Failure was defined as the fibre not being loaded into the intended groove either by hitting the structural wall and halting the system, or loading a channel adjacent to the intended one. For each grade of misalignment, 10 trials of fibre loading were carried out, and for a number of fibre loading speeds.
Several grades of fibre misalignment were tested. Results of this test are presented in figure 6 . The grade of misalignment is normalized to half the inter-channel separation, as values beyond this point would be periodically repeated and correspond to the neighbouring groove. Figure 6 (a) presents the loading efficiency of the rectangular groove of figure 4(a) and (b) for a number of translation speeds. The loading is 100% efficient for all loading speeds at only 25% misalignment (62.5 m) with failures beginning to appear at 50% (125 m) misalignment. Figure 6 (b) presents the loading efficiency of the horizontal 2D tapers of figures 4(c) and (d). The loading efficiency is 100% up to and including misalignments of 50% (125 m) at all loading speeds. Figure 6 (c) presents the loading efficiency of the horizontal and vertical 3D tapers of figure 4(e) and (f). This shows that 100% efficiency can be achieved with misalignments of up to and including 85% (425 m). In addition, the major source of failure for the 3D-tapered structure was the fibre being loaded in an adjacent groove to the intended with 54% out of the total of failures.
Efficiency of the rectangular grooves was limited to the cases when the chuck was in almost perfect alignment with the loading fibre. For larger misalignments, constant blockage was observed resulting in a very low yield of fibre segments production. Introducing a horizontal taper, significantly improved the lateral misalignment tolerance with the main cause of failure being the lack of vertical tolerance at the entrance of the grooves. In the window of misalignment from 50% to 70%, slow fibre loading speeds were more efficient than high speeds. The 3D-taper presented higher efficiency for larger offsets than the other two structures. Loading speed did not show a clear correlation with the efficiency of this structure for very large misalignments (see Sup. Figure 4) ; however, the efficiency of loading at higher speeds is retained at near 100% for the micro-machined 3D-taper structures. 
Discussion.
We have demonstrated an automated system that enables high throughput for loading optic fibre arrays. A throughput of 40 fibres in less than 5 minutes was achieved (Supporting Video 1), which is 6 times faster than our previous manual methods. Not only was the throughput higher, but the automation of the process also achieved a higher consistency of the fibre segments by minimising variability due to a human operator. We chose to limit the arrays of chucks to 40 channels due to the nature of the imprinting process, where moulds or masters have a limited area that accommodates this number of fibres. Additionally, the time to load a chuck of this size is compatible with our production line process steps. If it was desired to increase the throughput for other fibre sensor processes, more robust machinery could be used to rotate faster the rolling drums and also cut the fibre faster, in combination with a thorough optimisation study.
Conclusion
We have developed an automated system for rapidly loading fibre segments for use as optical fibre sensor probes. We have tested three types of array holders and found that a silicon micromachined array with a 3D-taper is convenient for loading fibre into grooves when the fibre is prone to significant misalignments from the centre of the grooves. Furthermore, this silicon structure can be processed in bulk, resulting in an economic, repeatable and rapid way of manufacturing groove array chucks. Depending on the fibre lengths and optimised loading speeds, a throughput of close to 1000 fibre segments per hour could be achieved using this approach, which is deemed suitable for mass-manufacture. 
